Here, we report that Mn-ions are successfully incorporated into nontoxic superconducting (Li,Fe)OHFeSe films.
Introduction
Critical current density, the maximal ability of superconductors to carry current without dissipation, is a crucial factor for high-field applications [1, 2] . Among all superconductors, the record Jc value is held so far by the copper oxide superconductors, but their practical application is hampered by a few obstacles [2] , such as high anisotropy, a small critical grain boundary angle (θc), and a high production cost.
On the other hand, iron-based superconductors have moderate anisotropy, a high irreversibility field (Hirr), and θc, making them more promising for high field application [2] [3] [4] [5] [6] [7] [8] [9] [10] . There are still drawbacks for the high-field application of iron-based superconductor. For example, the toxic element arsenic in iron pnictides limits their application although their transition temperature (Tc) and Jc are relatively high [2] [3] [4] [5] 9] . Therefore, it further research should aim to find nontoxic iron-based superconductors with comparable or even higher Jc.
The nontoxic newly discovered superconductor (Li,Fe)OHFeSe (FeSe-11111) [11] , with an optimal Tc of 42 K and a self-field Jc of 0.5 MA/cm 2 at 20 K under ambient pressure [12] , turns out to be a good candidate. However, the vortex pinning potential of FeSe-11111 is relatively low due to the large layer distance[13], leading to the broadening of resistive transition under a magnetic field [14, 15] . This calls for further efforts at improving the vortex pinning ability of FeSe-11111, for instance by embedding extra vortex pinning defects [16] [17] [18] [19] .
Results and discussion
Characterization of crystal structure and elemental Mn impurity phases in the Mn-doped system. Moreover, both of them exhibit a single preferred orientation of (00l) and the peaks of LaAlO3 substrates are marked with LAO. The calculated c-axis length decreases from 9.33 Å of the Mn-free film to 9.30 Å of the Mn-doped film, consistent with the result from single crystals [21] . Albeit the full width at half maximum (FWHM) of the rocking curve for the (006) reflection expands from 0.15° to 0.38° due to the presence of Mn-ions, it is still smaller than most of other iron-based superconductor films [22] [23] [24] , suggesting high crystalline quality. To verify the incorporation of elemental Mn, all the Mn-doped films were checked by EDX spectroscopy or EELS. One of the in-plane SEM images and Figure 1 the out-of-plane magnetic field suppresses the superconductivity more prominently the that in-plane one, accounting for the significant Jc anisotropy. It is noted that the Jc values of both Mn-free and Mn-doped films maintain the order of 1×10 5 A/cm 2 under 9 T at 10 K, which is higher than the value of 1×10 2 A/cm 2 in FeSe-11111 single crystals [28] .
The depairing current density of (Li,Fe)OHFeSe can be estimated by films is superior to Mn-free films below 30 K. In addition, the enhancement of Jc via Mn doping keeps increasing with a decreasing temperature, making the Mn-doped films more interesting in the lowtemperature, high-field magnet application. This result confirms that Mn doping is beneficial to the enhancement of Jc for FeSe-11111 films.
Pinning mechanism analysis
To elucidate the origin of Jc enhancement in Mn-doped FeSe-11111 films, we have investigated the magnetic field dependence of Fp (=Jc × H). Due to the strong tail effects of R-T curves, it is difficult to determine the Hirr accurately, which is commonly used to normalize the magnetic field [31, 32] . In order to improve the accuracy, the normalized pinning force density f = Fp/Fp,max is scaled with field h = H/Hmax, where the Fp,max is the maximal Fp and Hmax is the corresponding magnetic field [33, 34] . Figure 4 shows plots of scaled data for Mn-doped (red)
and Mn-free (black) films. They both follow a temperature independent scaling, indicating there is single dominant pinning mechanism within measured temperature range. Thus, we can analyze the scaling of f (h) by the following equations[18]: films [37] , FeSe0.5Te0.5 films [7] , P-doped BaFe2As2 films [38] and YBa2Cu3O7−δ wires [39] at 4.2 K were also included for comparison.
The enhancement of FeSe-11111 films, particularly for the high-field performance, is significant due to Mn doping. Notably, the high field tolerance of Jc for the Mn-doped film overwhelms other iron-based superconductors, which is essential for high-field magnet applications.
Numerically, the corresponding Jc increases from 0.03 to 0.32 MA/cm 2 under 33 T, three times as large as 0.1 MA/cm 2 , the widely accepted value for practical application [2, 9] . It is worthy to note that the Fp of the Mn-doped film monotonically increases up to 106 GN/m 3 , as shown in Figure 5 proper Mn incorporation [21] and 2) introducing extra artificial pinning centers, similar to proton or ion irradiation, could enhance Jc more significantly [17, 19] . [10] Hänisch J., Iida K., Hühne R., and Tarantini C. 2019 Supercond. Sci.
Technol. 32 093001.
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